In this paper, we explore microfabricated bistable actuators released as thin films from a silicon wafer. The actuators are based on a serpentine design where two cantilevers are coupled at the tips by a thin-film bar. These devices are parameterized by two lengths: cantilever length and the length of the coupling bar. These two dimensions are systematically varied to study the effect of design parameters on bistability. The three-dimensional devices have extremely large deflection (hundreds of microns rather than tens of microns for most planar microactuators of similar size) and are thermally actuated out of the plane of the wafer by applying a bias across either the left or right side of the serpentine. The bistability of these devices is evaluated using electron and optical microscopy. Potential applications include non-volatile mechanical memory, optical shutters, and reconfigurable antenna elements.
Introduction
Because bistable devices require power only when changing state, bistable microelectromechanical systems (MEMS) are ideal for applications requiring small mechanical actuators in power-limited settings. These switches toggle between two discrete stable states by application of an external stimulus, such as heat, vibration, electrostatic fields, magnetic fields, or pressure. After removal of power, the devices maintain their new state with substantially lower time-averaged energy consumption than active devices.
Bistable MEMS devices have appeared in systems including electrostatic switches [1] and relays [2] , magnetic actuators [3, 4] , optical switches [5] , micro-valves [6] , pressure-actuated switches [7] , multiplexing switches [8] , and cross-bar latches [9] . Bistable thermal actuators have been shown to perform well with optical systems for they have a relatively large deflection and use MEMS bulk 1 Author to whom any correspondence should be addressed. micromachining techniques, enabling low cost fabrication with a high percentage yield [10] . The force of light reflecting from a surface has also been used to initiate switching, a bistable actuation method without a macroscale equivalent [11] . While research has optimized existing designs [12, 13] , other types of bistable microdevices remain to be further investigated, especially large-displacement actuators and out-of-plane devices.
Bistable mechanisms commonly involve complex fabrication steps and have yet to yield simple designs that can be widely adopted and repurposed. Despite this limitation, bistable MEMS switches promise a wide variety of applications in optics, non-volatile memory storage, wireless communication, sensors, and microfluidic systems.
We describe a two-mask fabrication process and testing of serpentine-shaped bistable devices from stress-mismatched thin films. This process creates a bistable mechanical device that actuates out of the plane of the wafer due to thermal expansion from Joule heating. The deflection is extremely large (hundreds of microns) and the actuation force is low compared to most other bistable MEMS devices.
Device design and operation
Devices are fabricated from bilayer thin films with a stress mismatch between a metal layer and a thermally grown oxide layer. The compressive stress in the underlying oxide, coupled with the relatively tensile stress in the metal layer, causes the devices to curl up from the wafer when released during fabrication. This general non-uniform stress principle has produced devices over a wide range of size scales, from macroscopic devices such as bimetallic thermostat actuators, down to devices at the micro [14] and nano [15] scales. Applying current to the device circuit in the metal layer causes it to heat. The metal expands relative to the oxide for the coefficient of thermal expansion is greater than the oxide layer. As a result, the heated devices flatten back toward the wafer.
Analytical models used for the design of the actuators were based on beam theory. Equation (1) gives the radius of curvature for two layers with different strain. In this equation, ρ is the radius of curvature, ε is the strain difference between the top and bottom layer, E is Young's modulus, and t is the layers' combined thickness [16] . The subscript 1 refers to the properties of the top layer and subscript 2 refers to the lower layer.
(1)
For analysis of thermal actuators, it is more useful to apply equation (4) , the radius of curvature as a function of temperature [17] . This equation is a variant of equation (1) that also accounts for different layer widths w (here the same for both layers) and where the strain mismatch, ε, originates from the two layers having mismatched coefficients of thermal expansion:
Here α is the coefficient of thermal expansion and T is the departure from the zero stress mismatch temperature.
The design in figure 1 shows two U-shaped actuators linked through a metal/oxide bar. The footprint of the device is less than 1 mm 2 including the contact pads. Two reference cantilevers attached to the lower-left pad are used to calculate the unconstrained radius of curvature ρ o from top-view images [14] .
Because equations (1) and (4) oxide material properties and dimensions were incorporated into a Manhattan brick mesh having rectangular elements. Deflection was observed as temperature was varied for elements in the right or left actuator, with a temperature gradient calculated along the coupling bar. The resulting model captured the structures' bistable nature, as illustrated in figure 2 for the serpentine structure in the bottom row and second column of the device array shown in figure 3 . In figure 2 , the z-displacement (height above the substrate) was tracked for the tip of the right actuator and plotted as a function of temperature difference between the right and left sides. The red dot on the inset images shows the point that was tracked. At large temperature differences (>10
• C) for this design, the actuator took a stable left-or right-oriented position, but for smaller temperature differences (gray area in figure 2), the calculated configuration fluctuated between the left, right, and symmetric states. This unstable equilibrium is similar to that seen in displacement-versus-voltage curves for bulk micromachined in-plane bistable MEMS devices [18, 19] .
In order to measure how device geometry affects bistability, a 10 × 10 device array was created using MATLAB to output dxf files with length variations between successive columns and rows (figure 3). The overall scale of the design is set by the radius of curvature in equations (1) and (4); an unconstrained cantilever length corresponding to πρ will produce a half circle, the maximum possible vertical displacement from the plane of the substrate. Each row will linearly increase the coupling bar length L1 and each column will increase the length of the released cantilevers L2, starting at the lower-left corner. The dimension L1 is the tip to tip distance of the devices, while L2 is the length of the oxide window defining the length of actuator that will be released from the substrate. The ranges of L1 and L2 were chosen to generate a radius of curvature, ρ, of 100 μm. For this radius of curvature, the range in figure 3 set the coupler length L1 from πρ/2 to 2πρ, where L1 was one quarter to one full circumference of a 100 μm radius circle. The released length L2 was πρ/2 to πρ, where L2 was one quarter to one half circumference of a 100 μm radius circle.
Fabrication
Starting with an oxidized wafer with a 300 to 400 nm thermal oxide (SiO 2 ) grown at 1000
• C (figure 4(a)), the wafer was patterned with lift-off photoresist ( figure 4(b) ). The liftoff resist process consisted of a 5 min dehydration bake at 150
• C followed by deposition of the lift-off resist (LOR3A, MicroChem, Inc.), spun at 4000 rpm for 10 s and baked for 5 min at 150
• C. A layer of photoresist, Shipley 1805 (Rohm and Haas), was dispensed and spun at 4000 rpm for 10 s and baked for 2 min at 115
• C. This process generated a resist profile that improved pattern fidelity of the following metal layer.
After UV exposure through a photomask with the serpentine patterns (the gray areas in figure 3 ), the photoresist was developed in a Microposit MF-319 developer for 1 min to open areas for the metal features to adhere to the wafer.
Wafer Oxidation
Pattern Photoresist for Oxide Windows Metal layers were then sputtered onto the wafer, figure 4(c). The first metal layer deposited was a titanium adhesion layer approximately 60 nm thick followed by a 180 nm platinum layer ('Ti/Pt' devices). Alternate metal configurations included a 50 nm chromium adhesion layer, a 60 nm titanium layer and a second 50 nm chromium layer ('Cr/Ni/Cr' devices). The Ti/Pt devices could take advantage of platinum's relatively large temperature coefficient of resistivity to perform resistance-based measurements of the actuator temperature, while high resistivity of the Cr/Ni/Cr devices would enable efficient heating similar to nichrome heating wires. Sputtering was performed at 300 W RF power for titanium and chromium and 120 W dc power for platinum with argon gas at a pressure of 40 mTorr. After metalization, the photoresist was removed using BTS-220 followed with the MF-319 developer to remove the LOR3A ( figure 4(d) ). The wafer was baked at 115
• C for 5 min and coated with hexamethyldisilazane (HMDS) adhesion promoter by spinning at 4000 rpm for 10 s. A new layer of photoresist (Shipley 1827, Rohm and Haas) was spun at 4000 rpm for 10 s and baked at 115
• C for 90 s. The resist was exposed with the second photomask (black areas in figure 3 ) to etch through the oxide in alignment with the metal pattern. The wafer was developed in MF-319 and hard baked for 5 min at 115
• C ( figure 4(e) ).
The oxide was etched, using reactive ion etching, in a (95:5) CH 4 /H 2 plasma (figure 4(f )) at 260 mTorr and 260 W for 11 min, with the photoresist or any overlying metal preventing the oxide from being removed. The wafers were coated with photoresist Shipley 1827 to act as a protective layer during dicing.
After dicing, the resist was removed for 5 min in a 200 W oxygen plasma at 200 mTorr, followed by a 30 s oxide etch to clean any native oxide before the highly selective silicon etch. The wafers were isotropically etched in a XeF 2 vapor etching system (Xactix, Inc.) to undercut and release the structure in the defined areas (figures 4(g), (h)). Alternatively, the process could be accomplished without the oxide patterning that occurs in step 4e. This was done in the previous work [20] where the processing steps are given in more extensive detail. Results from such a simplified process can be viewed in figures 5(a) and (b). However, exposing only small areas of silicon reduced the time necessary for XeF 2 etching and meant that a precise etch time was not critical to determine which features would be released.
Device testing
After fabrication, the devices were tested using a probe station and a Keithley 2400 source meter. Current was increased linearly while actuation was monitored in an optical microscope. Voltage was applied on the left or right pair of pads to increment the current in 0.1 mA steps (for Cr/Ni/Cr devices) and 1 mA steps (for the Ti/Pt devices) up to a maximum current that was limited to prevent damage to the device. The devices would burn out at approximately 3-4 mA (depending on metal film thickness) for the Cr/Ni/Cr and 18 mA for the Ti/Pt. Pads that were not used for actuation were disconnected from ground and power in order to prevent current flow into the opposite actuator. However, thermal transfer from the heated to the unheated actuator would still occur through the coupling bar.
Upon application of sufficient current to one side of the actuators, some devices would switch to the opposite orientation while current and power were recorded from the source meter. Current levels were then brought down to 0 A. If this process made the device switch back to its previous state then the current was increased to successively higher levels until the device maintained its state after switching. Such devices were considered bistable. Figure 5 shows the asymmetrical geometry typical of devices displaying bistability.
Results and discussion
For these devices, even though the 2D layout is symmetric, a symmetric 3D released configuration is not the state with the lowest total strain energy. Instead, there are two mirrorimage stable states when released, due to the balancing of tensions between the strained cantilevers. The devices have an arbitrary initial state of left or right alignment defined by random fluctuations in feature widths and local etch rates.
For the bistable devices, there is no configuration that allows all parts of the released device to attain the lowestenergy radius of curvature given in equation (1), which applies only to unconstrained cantilevers. In this case, some parts of the structure contain strain energy that can flip the device suddenly from one state to the other when pushed close to the threshold by thermal or external actuation. The higher of the two cantilevers can be thermally actuated to tip the balance past its threshold and into the opposite configuration. Thermal actuation of the left actuator would flatten the left side while allowing the right side to curl. The change from the left to the right orientation occurs when the balance of forces shifts the configuration past a higher energy intermediate state.
In contrast, some device layouts produced highly symmetric released structures (figure 6). These devices had coupler lengths L1 that were approximately twice the released length L2, which allowed all parts to take on the same radius of curvature without exerting strong forces on each other.
Although some devices displayed a switching nature when powered, only those in a small region of the array showed true bistability by maintaining their orientation without power.
The operation of the bistable devices is shown in figure 7 for a Cr/Ni/Cr device with 10 μm width, and with coupler length L1 = 209 μm and released length L2 = 209 μm. From the initial state (right-oriented in figure 7(a) ), the right-side actuator was heated by supplying current ( figure 7(b) ). With the actuator folded sufficiently to the substrate, the opposite side was free to curl into a lower energy configuration. With the power off, the bistable device attained a new relaxed state in the left orientation, typically springing back a small amount ( figure 7(c) ). The cycle was continued by energizing the left actuator until sudden switching was observed ( figure 7(d) ) at which point the power was removed, putting the device back in the original state ( figure 7(e) ). For this device, the 3 mA switching current was obtained at 13 V, for a power input of 39 mW. Switching occurred in less than 200 ms.
For some of the bistable devices, we observed that after continued cycling (approximately 1000 cycles for the device in figure 7) , the power and current required to switch the device decreased. This may be attributed to annealing, residual heat, or the device not being originally fully released in areas where it was close to the substrate. For some devices, switching back and forth continuously at frequencies around 5 Hz, the sides would sometimes become entangled, probably due to the slight torsional force that distorts the coupling bar as seen especially in figure 6(a) . Future designs could be modified to allow extra space for the coupler. Because of the potential for electrical shorting between the parts of the device, the fact that the wires are uninsulated also becomes an issue. Insulation would also lessen thermal transfer between different parts of the device that accidentally touch together. While some bistable devices could easily switch without nearing the point at which they could not handle any more current, for others the switching currents would sometimes border the maximum current rating of the device. By minimizing the current required, or by applying a pulsed signal that stops immediately after switching, the effective life of the device might be increased while at the same time reducing power consumption.
Testing was carried out over the array in figure 2 to determine how bistability depends on material properties and device proportions. As seen from the reference cantilevers (figure 1) or from symmetric devices (figure 6), the bistable Cr/Ni/Cr structures had an unconstrained radius of curvature ρ o of approximately 76-80 μm, while bistable Ti/Pt devices had a ρ o of approximately 66 μm. There was a different region of bistability for the Cr/Ni/Cr devices and the Ti/Pt devices, namely the left-bottom corner of the 10 × 10 array in figure 3 for the Cr/Ni/Cr, and the lower right for the thicker Ti/Pt. Table 1 summarizes the characteristics of three verified bistable devices. Column 3 contains characteristics for the device pictured in figure 7 .
The key result in table 1 is that successful bistable devices had L1 approximately equal to L2, with the appropriate value for L1 and L2 dependent on the material properties and unconstrained radius of curvature ρ o . The Ti/Pt devices required approximately twice the non-dimensionalized lengths L1/ρ o and L2/ρ o of Cr/Ni/Cr bistable devices. The dominant material (by volume) in the Cr/Ni/Cr devices was chromium, and in Ti/Pt devices, platinum. These materials have similar elastic moduli, electrical conductivity, and thermal conductivity. The thicker Ti/Pt films (240 versus 160 nm) had greater thermal conductance to the substrate, so the longer length gave greater thermal insulation. Also, the Ti/Pt devices were notably softer and more easily damaged than the Cr/Ni/Cr devices. The largest material property difference is in the metals' yield strength or the amount of stress the material can undergo before plastic deformation. Cr has the greatest yield strength of elemental metals, while elemental Pt is easily deformable. Using the rule that yield strength is 1/3 the Vickers hardness, the yield strength for Cr is approximately 353 MPa, and for Pt, 183 MPa. It is likely that the softer Pt devices required a greater deflection range than the Cr-based devices to overcome plastic deformation and switch to the opposite state. This also suggests the Pt devices are likely to wear out from metal fatigue. As an alternative to soft metals, Pt-Ir and Pt 851 alloys [21] have been demonstrated to overcome the hysteresis and fatigue problems in MEMS devices using metal torsional elements, while retaining most of the other desirable properties of platinum.
The optimal design for bistability is a complex problem with many variables, whether for this serpentine device or for in-plane bistable MEMS switches. To reduce complexity, one approach focuses mainly on the characteristics of the unstable transition state connecting the two stable configurations [12] .
When the three-dimensional serpentine devices are very symmetric (corresponding to coupler length L1 = twice the released length L2), the symmetric transition state is the most stable state. Such symmetric 3D devices are never bistable, while an asymmetric 3D configuration suggests but does not guarantee bistability. For instance, although mirror-image asymmetric stable 3D configurations exist for the devices in the upper-left corner of figure 3, it can be impossible to make the transition using the cycle shown in figure 7. For these devices having coupler length much greater than the released length (L1 = 3L2 for instance), the coupling is not strong, and the actuator will run into the substrate or burn out before it pulls the opposite actuator through the intermediate position.
Conclusions
This project demonstrated that the complexities of designing bistable devices could be addressed experimentally by analyzing an array of devices with systematic variations in their geometry. We successfully located bistable devices made with both Cr/Ni/Cr and Ti/Pt metal layers. While Cr/Ni/Cr showed more reliable bistability, Ti/Pt devices did exhibit bistability at higher currents. In future iterations of the work, focus will be paid to the areas of demonstrated bistability, by creating a new array of devices that focus on the bistable design. Differing metals however will also likely have different areas of bistability. New materials should be tested on an array where the coupler length is less than or equal to the released length over the entire range.
While a relatively high power is needed for switching, the power savings, particularly in less frequent switching applications, offers a benefit for applications requiring low duty cycle switches.
The technology described here is most likely to apply to small-current programmable electrical interconnects, optical switches, and smart antenna elements. For example, the device could be used as an actuator mechanism for a reconfigurable terahertz frequency range metamaterial that has been previously shown using passive bimaterial out-ofplane pivots made with similar dimensions and materials [22] . These applications have the common features of low required actuation force, limited available power for reconfigurable devices that must compete with existing passive devices, little space available for new circuitry beyond the actuator itself, and the need for large deflections.
